In tunnel construction, overcut along with undercut estimation is one of the most important factors to be considered before proceeding to the next operation. It is currently analyzed based on sparsely sampled points surveyed using a total station, but not much time is allowed for surveying and analyzing for economic reasons. A fast and automated method is presented to extract dense tunnel cross-sections using Terrestrial Laser Scanner (TLS) data. A 3D point cloud acquired from the TLS is converted to a two-dimensional planar image and skeletonized to estimate the tunnel centerline.
INTRODUCTION
The precise modeling of structures both under construction and after completion is important as it can be advantageous for those involved in construction management and assessment. The modeling should be done quickly and economically to keep up with the continually changing nature of construction sites. In the construction of tunnels, overcutting and undercutting are important factors to be estimated before proceeding to the next operation. These estimations are currently done based on sparsely sampled points surveyed using a total station. This approach requires a considerable amount of time. However, not much time is permitted for surveying and analyzing in construction sites. Another approach is based on triangulation using stereo images or a single image supplemented by line laser devices [1, 2] . Results from this approach prove that more sufficient points along a profile can be extracted faster. The precision can be, however, influenced by the imaging environment and automation is not easily achievable. At present, devices known as Terrestrial Laser Scanners (TLS) are receiving more attention in related fields due to their automated, swift and dense scanning capabilities [3] [4] [5] [6] . The very large size of the scanned data is, however, a barrier to a fast process, and automation is not fully applicable in many cases. In the present study, a fast and automated method is presented to extract dense tunnel cross-sections using TLS data. The 3D point cloud acquired from the TLS is converted to a twodimensional planar image and skeletonized to estimate the tunnel centerline. For efficient processing, the point cloud is loaded into a hashing-based indexing structure and searched to extract cross-sections orthogonal to the centerline. To evaluate the performance of the presented method, it was applied to an actual tunnel. The results were and compared to those of a conventional method using a total station.
METHODOLOGY
The proposed method is divided into two sections: estimation of the tunnel centerline, and extraction of the cross-sections. The overall flow of the method is shown in Figure 1 . Cross-section extraction Hashing-based structure
APPLICATION
The proposed method was applied to a point cloud scanned in a real tunnel. For comparison, the tunnel was again surveyed with a total station. Specifications of the test are shown in Table 1 . The shape of the point cloud is depicted in Figure 8 .
17 center points, using a total station, were surveyed and marked along the road centerline at 2m intervals (about Center points selected by the proposed method were compared with those of total station surveying ( Table 2 ).
The RMSEs of the planar discrepancies were estimated as 0.0176m in the x direction and 0.0462m in the y direction.
The center points of the proposed method do not exactly coincide with but correspond within allowable limits to those of total station surveying. From the result, however, it cannot be concluded that the center points of the proposed method are accurate, as the center points of total station surveying were selected along a road centerline which does not necessarily coincide with the exact centerline. The cross-sections from the proposed method include even more points than those from total station surveying (Table   3 ). This implies that the proposed method provides a more detailed description of the scene, as shown in Figure 11 . Table 4 . Most of the time was required for the surveying activities, while data processing required relatively less time. Some operations were not considered, as they can vary according to the skillfulness of the operator.
The overall time consumption of the proposed method was estimated to be less than half that of total station surveying.
If more cross-sections are to be extracted, however, the gap is expected to widen. To extract 64 cross-sections, for example, no more surveying is necessary for the proposed method. More time is only necessary for cross-section extraction -from 6 seconds to 10 seconds. To extract the same number of cross-sections with total station surveying, a major time increase will arise during cross-section surveying, from 255 (=15x17) to 960 (=15x64) minutes. [ 
CONCLUSIONS

